We investigated the effects of extracts of Benifuuki (a tea cultivar that contains methylated catechins such as epigallocatechin-3-O-(3-O-methyl) gallate (EGCG3''Me)) in mice fed a high-fat/high-sucrose (HF/HS) diet. This tea cultivar was then compared with an extract of Yabukita (a popular tea cultivar that lacks methylated catechins). For 6 weeks, C57BL/6J mice were fed either HF/HS diet with or without tea extracts from tea cultivars, which contained almost identical ingredients except for methylated catechins (i.e., Yabukita (0.2% and 1%) or Benifuuki (0.2% and 1%) extract powders). Supplementation with Benifuuki 0.2% markedly lowered plasma levels of TG and NEFAs compared with mice supplemented with Yabukita 0.2%. The diet containing Benifuuki 1% decreased adipose tissue weights, liver TG, and expression of lipogenic genes in the liver. These results suggested that Benifuuki had much greater lipid-lowering effects than Yabukita. Taken together, these data suggest that methylated catechins direct the strong lipid-lowering activity of Benifuuki.
We investigated the effects of extracts of Benifuuki (a tea cultivar that contains methylated catechins such as epigallocatechin-3-O-(3-O-methyl) gallate (EGCG3''Me)) in mice fed a high-fat/high-sucrose (HF/HS) diet. This tea cultivar was then compared with an extract of Yabukita (a popular tea cultivar that lacks methylated catechins). For 6 weeks, C57BL/6J mice were fed either HF/HS diet with or without tea extracts from tea cultivars, which contained almost identical ingredients except for methylated catechins (i.e., Yabukita (0.2% and 1%) or Benifuuki (0.2% and 1%) extract powders). Supplementation with Benifuuki 0.2% markedly lowered plasma levels of TG and NEFAs compared with mice supplemented with Yabukita 0.2%. The diet containing Benifuuki 1% decreased adipose tissue weights, liver TG, and expression of lipogenic genes in the liver. These results suggested that Benifuuki had much greater lipid-lowering effects than Yabukita. Taken together, these data suggest that methylated catechins direct the strong lipid-lowering activity of Benifuuki.
O besity is a metabolic disturbance resulting from an imbalance between fat synthesis (lipogenesis) and fat breakdown (oxidation). Obesity is prevailing at an alarming rate worldwide. Obesity is associated with an increased risk of cardiovascular disease 1 . Indeed, obesity-induced hypercholesterolaemia is correlated with coronary heart disease risk 2 . Green tea (Camellia sinensis L.) is one of the most popular beverages in the world. It has been reported that daily consumption of green tea is associated with several important health benefits, including antioxidant, anticarcinogenic, hypocholesterolemic, and cardioprotective activities [3] [4] [5] [6] . The beneficial properties of green tea are attributable to the abundant polyphenolic compounds (''catechins'') that it contains. The green-tea catechins include catechin (C), (2)-epicatechin (EC), (2)-epigallocatechin (EGC), (2)-epicatechin-3-gallate (ECG), and (2)-epigallocatechin-3-gallate (EGCG). Of these, EGCG is a predominant catechin, and has several biological and pharmacological properties [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Several studies have reported the anti-obesity effects of green tea and EGCG [17] [18] [19] [20] . Benifuuki (Camellia sinensis L.) is a tea cultivar that was originally established by the National Institute of Vegetable and Tea Science (National Agriculture and Food Research Organization, Tokyo, Japan). Benifuuki is rich in methylated catechins such as epigallocatechin-3-O-(3-O-methyl) gallate (EGCG3''Me; < 0.8-2.5% (w/ w)), which is not present in Yabukita cultivar, the most popular green tea, which accounts for about 75% of greentea products consumed in Japan. In vivo and clinical studies have shown that Benifuuki has strong anti-allergic effects 21, 22 . Pharmacokinetic analyses confirmed that EGCG3''Me has a significantly higher absorption rate from the intestine and a lower rate of disappearance from the blood than EGCG 23 . Therefore, although the amount of EGCG3''Me in Benifuuki tea is about one-quarter that of EGCG, the blood concentrations of these two catechins after ingestion of Benifuuki tea are almost identical 23 . This is considered to be the main reason why Benifuuki has greater anti-allergic activity than Yabukita. The anti-allergic effects of Benifuuki have been reported, but studies describing the beneficial anti-obesity effects of Benifuuki have not.
The goals of the present study were to determine the effect of dietary Benifuuki on fat accumulation, lipid levels in the plasma and liver, and hepatic gene expression in a HF/HS-induced model of obesity in mice.
Results
General observations. Benifuuki is rich in methylated catechins such as EGCG3''Me, which is not present in Yabukita, the common cultivar. To determine the effect of dietary Benifuuki on fat accumulation, lipid levels in the plasma and liver, and hepatic gene expression in a HF/HS-induced model of obesity and metabolic syndrome in mice, mice were given Yabukita or Benifuuki extract (Table 1) as described.
HF/HS feeding for 6 weeks significantly increased body weight and the weight of retroperitoneal adipose tissue compared with a control diet ( Table 2 ). The groups fed Yabukita 1% and Benifuuki 1% had moderate decreased in body weight and weight of retroperitoneal adipose tissue compared with the HF/HS-fed group. The groups fed Yabukita 1% and Benifuuki 1% had a moderate decrease in body weight and weight of retroperitoneal adipose tissue compared with the HF/HS-fed group. The groups fed Benifuuki 1% had a moderate decrease in both rWAT and eWAT. However, the group fed Yabukita 1% had a moderate decrease in only eWAT. The cumulative energy intake did not significantly differ among the HF/HS group and the tea-extract groups except Benifuuki 0.2% group (Fig. 1 ).
Biochemical analyses of plasma. HF/HS feeding significantly elevated levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C) and very-high density lipoprotein cholesterol (VLDL-C) ( Table 2) . A Benifuuki 1% diet significantly reduced levels of LDL-C and VLDL-C. Yabukita 1% as well as Benifuuki 0.2% and 1% diets significantly decreased plasma levels of aspartate aminotransferase (AST) and alanine transaminase (ALT). HF/HS feeding also elevated plasma levels of TG ( Fig. 2A) . A Yabukita 0.2% diet did not affect plasma levels of TG, whereas Yabukita 1% as well as Benifuuki 0.2% and 1% diets lowered plasma levels of TG to those seen in controls. Yabukita 1% as well as Benifuuki 0.2% and 1% diets lowered plasma levels of non-esterified fatty acid (NEFA) (Fig. 2B) .
Liver lipids. HF/HS feeding for 6 weeks increased the content of liver TG. A Benifuuki 1% diet had a profound lowering effect upon liver levels of TG (Fig. 3) .
DNA chip analyses. Among 194 genes associated with the metabolism of lipids and carbohydrates, we used data for the other 121 genes for analyses in the present study because the expressions of 73 of these genes were barely detected in liver samples (Supplementary  Table S1 and S2). DNA chip analyses revealed that HF/HS, Yabukita, and Benifuuki diets had a wide influence on mRNA expression. The diets affected the genes linked to energy production, redox regulation, defense against reactive oxygen species (ROS), the mitogen-activated protein kinase (MAPK) cascade, nuclear receptors, metabolism of energy and cholesterol, and protein degradation. In particular, the expression of genes related to the metabolism of energy and cholesterol was influenced by the Benifuuki diet (Supplementary Table S1 and S2).
Expression of genes involved in the metabolism of lipids and cholesterol. We examined the expression of hepatic genes that regulate lipogenesis, beta-oxidation and cholesterol metabolism to explore the molecular mechanism underlying the hypolipidemic effect of a Benifuuki diet by real-time PCR. A Benifuuki diet decreased the expression of genes associated with lipogenesis such as sterol regulatory element binding protein-1c (SREBP-1c), acetylCoA carboxylase1 (ACC1), fatty acid synthase (FAS) and stearoylCoA desaturase1 (SCD1), compared with the HF/HS-fed group (Fig. 4) . HF/HS feeding increased the expression of hepatic 3-hydroxy3methyl-glutaryl-CoA reductase (HMGCR) and 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS), whereas Yabukita 1% and Benifuuki 1% diets lowered their expressions to those seen in controls. HF/HS did not affect the expression of cholesterol 7-alphamonooxygenase (CYP7A1), whereas Yabukita 1% and Benifuuki 1% diets increased the expression of CYP7A1 mRNA (Fig. 5) .
Discussion
In the present study, we showed that Benifuuki (a tea cultivar that contains methylated catechins) had a stronger lowering effect on plasma and hepatic TGs in HF/HS diet-fed mice than Yabukita (which lacks methylated catechins). Mice fed Benifuuki 1% had reduced adipose tissue weights and liver TG content. Yabukita showed a less potent effect on TG content. These results suggested that Benifuuki had much greater hypolipidemic activity and anti-obesity effects than Yabukita. A marked difference in the total energy intake between HF/HS, Yabukita 1% and Benifuuki 1% groups was not observed. Therefore, various mechanisms leading to increased energy expenditure or lower fat deposition might be involved in the effects elicited by Benifuuki. Dietary HF/HS is a strong inducer of SREBP1-c, FAS, SCD1, and other enzymes regulating hepatic lipogenesis, and produces a pronounced elevation of hepatic TG concentrations with an increase in plasma TG [24] [25] [26] [27] [28] [29] . Benifuuki downregulated the expression of lipogenic enzyme genes such as SREBP-1c, ACC1, FAS and SCD1 in the liver. Several lines of evidence suggest that the suppression or disruption of ACC1 (a cytosolic enzyme that catalyzes the carboxylation of acetylCoA to form malonyl-CoA) leads to the reduction of the synthesis and accumulation of hepatic TGs 30 , suggesting that suppression of ACC1 expression may be due to the reduction of hepatic fat accumulation in Benifuuki-fed mice.
FAS catalyzes the last step in the biosynthetic pathway of fatty acids. Hence, it is believed to be a determinant of the maximal capacity of a tissue (the liver in particular) to synthesize fatty acids by de novo lipogenesis. Increases in FAS levels are attributed to elevation of serum levels of TG and NFEAs as well as liver TG 31 . Hence, downregulation of FAS expression might lead to a reduction in lipid levels in the liver and serum in Benifuuki-fed mice. SCD1 (which catalyzes the biosynthesis of monounsaturated fatty acids from saturated fatty acids) also has an important role in energy metabolism and regulation of body weight 32 . Importantly, Benifuuki intake significantly downregulated SCD1 expression. SCD1 plays an essential role in monounsaturated fatty acids for hepatic lipogenesis/TAG synthesis 33 . Treatment of mice with SCD1 antisense oligonucleotides has been shown to result in a higher metabolic rate, prevention of diet-induced obesity, and steatosis 34 . Therefore, decreased SCD1 expression could explain the reduction in body fat observed in Benifuuki-fed mice. The expression of lipogenic genes such as ACC1, FAS and SCD1 is regulated by SREBP-1c at the transcriptional level 35, 36 . Our data suggested that Benifuuki suppresses the expression of SREBP-1c and results in the reduction of hepatic lipogenic genes (ACC1, FAS and SCD1). Yabukita and Benifuuki were not influenced on genes related to the oxidation of fatty acids (e.g., ACO and MCAD). Taken together, a plausible mechanism for the hypolipidemic activity of Benifuuki may be its downregulation of gene expression associated with lipid synthesis and not with fattyacid oxidation.
The upregulation of hepatic HMGCS and HMGCR mRNA by HF/ HS is consistent with the increased concentration of cholesterol in plasma. Our data showed that green tea suppresses genes associated with cholesterol synthesis (HMGCS, HMGCR) and upregulates CYP7A1 expression in the liver. Yabukita and Benifuuki, however, were ineffective in preventing the HF/HS-induced increase in concentrations of TC in plasma. The effects of green tea on suppression of the genes that regulate cholesterol metabolism were unrelated to TC accumulation in plasma. The reduction of plasma levels of LDL-C/VLDL-C in Benifuuki-fed mice might have been due to suppression of the expression of lipogenesis genes.
Many of the beneficial effects of green tea are considered to be mediated by tea catechin, especially EGCG (the most abundant catechin found in green tea). Several studies have shown that EGCG has anti-obesity effects 37, 38 . There are no significant differences in catechin composition between Benifuuki and Yabukita extracts except for methylated catechins. EGCG3''Me constitutes 6.8% of the total catechins in Benifuuki. It has been reported that if Benifuuki extracts are administered orally to humans, the area under the drug concentration-time curve (AUC) of EGCG3''Me is higher than that of EGCG even though the dose of EGCG is 5.1-times the dose of EGCG3''Me 21 . Clinical trials have confirmed that EGCG3''Me is absorbed six-times more quickly than EGCG in humans and that it disappears more slowly from the blood than EGCG 21 . The level of EGCG plus EGCG3''Me in plasma from Benifuuki-administered mice was 5.2 times higher than levels in Yabukita-administered mice. However, the content of EGCG3''Me in Benifuuki was about onequarter of EGCG's content (Supplementary Fig. 1 ). It is unlikely that a single substance is responsible for its many beneficial effects because green tea contains many substances. However, with regard to the greater hypolipidemic effect of Benifuuki than Yabukita, EGCG3''Me is probably play a essential role in its bioactivity because large amounts are present in Benifuuki but not in Yabukita. The safety of Benifuuki has been confirmed the result of serum ALT and AST. Furthermore, there are no differences in the parameters for the analyses of blood and urine, pathological examination, or subjective symptoms before and after clinical trials involving longterm treatment with Benifuuki 21 . In summary, the present study provides new evidence that tea containing unique methylated catechins such as EGCG3''Me significantly downregulates the hepatic expression of lipid-synthesis genes such SREBP1-c, ACC1, FAS and SCD1. Based on the data and information available, the TG-lowering effect of Benifuuki in plasma and the liver may be mediated (at least in part) via the suppression of lipogenesis, probably because of the high absorption rate and stability of EGCG3''Me in plasma and its effect on lipogenesis genes.
However, studies focusing on whether EGCG3''Me has lipidlowering effects in vivo and in vitro are lacking. Therefore, further studies are needed to better understand the mechanism of Benifuuki and EGCG3''Me.
Methods
Mice and diet. Male C57/BL6 mice (12 weeks) were purchased from Charles River (Kanagawa, Japan). They were maintained in a temperature-and humiditycontrolled room with a 12-h-light-dark cycle (light from 8 am to 8 pm). All mice were acclimated for 1 week while being fed an AIN-93G diet. AIN-93G and HF/HS diets were obtained from KBT Oriental (Tokyo, Japan) ( Table 3) .
Mice were assigned to six groups: (1) a negative control group (control) fed a AIN-93G diet; (2) a positive control group (HF/HS) fed a high-fat/high-sucrose diet; (3) a group (Yabukita 0.2%) fed the HF/HS diet but containing 0.2% Yabukita; (4) a group (Yabukita 1.0%) fed a HF/HS diet containing 1.0% Yabukita; (5) a group (Benifuuki 0.2%) fed a HF/HS containing 0.2% Benifuuki; and (6) a group (Benifuuki 1.0%) fed the HF/HS diet containing 1.0% Benifuuki.
Extracts of Yabukita and Benifuuki were prepared from the leaves of the plants using boiling water followed by freeze-drying. The composition of each extract powder was determined by high-performance liquid chromatography (HPLC) ( Table 1 ). The dietary levels of green tea at 0.2% and 1.0% were equivalent to human intakes of 1.6 cups and 8 cups (2.0 g of green tea/cup) per day, respectively, as estimated based on an energy intake of 8,360 kJ/day. Mice were fed the diets three times a week and were weighed every week. At the end of 6 weeks of feeding, mice were anesthetized under isoflurane vapor after overnight food deprivation. Blood samples were collected into tubes via the retro-orbital sinus. Plasma was collected after centrifugation (2000 3 g for 20 min at 4uC) and stored at 280uC. After blood collection, mice were killed by isoflurane overdose. Visceral adipose tissues (peritoneal and epididymal depots) and livers were harvested, rinsed, and weighed. From the central lobe of the liver, , 0.5 g tissue was excised from each mouse and placed in a plastic tube containing RNALater TM solution (Ambion, Austin, TX, USA). Liver tissue in RNALater was maintained at 4uC for 24 h and then stored at 280uC. This experiment was carried out according to the guidelines for animal experiments at the Faculty of Agriculture, Kyushu University. The study protocol was approved by the Animal Care and Use Committee of Kyushu University, Fukuoka, Japan. The approval number for the animal experiment is A22-146.
Measurement of the amount of catechins and caffeine in tea extracts. Tea samples were prepared for HPLC analyses. Briefly, samples were immersed in 50% ethanol containing 1% H 3 PO 4 , disrupted using ultrasonic apparatus for 30 min at 20uC, and then filtered through a membrane filter (pore size, 0.45 mm). HPLC was undertaken using a Shimadzu LC-10A pump coupled to an ultraviolet detector (SPD-M10Avp; Shimadzu, Kyoto, Japan) and a reverse-phase Wakopak Navi C18-5 column (4.6 mm Biochemical analyses of plasma and liver samples. Plasma levels of triglyceride (TG), non-esterified fatty acids (NEFAs), aspartate aminotransferase (AST), alanine transaminase (ALT), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C) and very low-density lipoprotein-cholesterol (VLDL-C) were measured using the TG E-test, the nonesterified fatty acid (NEFA) C-test and the transaminase CII-test (each from Wako), HDL-C and LDL-C/VLDL-C Quantification Kit (BioVision, Milpitas, CA, USA), respectively. The liver TG content were measured using the TG E-test (from Wako), respectively, after the extraction of hepatic lipids with chloroform-methanol (251). All kits were used in accordance with manufacturer instructions.
RNA isolation and DNA chip analyses. Total RNA was extracted from liver samples using the RNeasy TM Mini Kit (Qiagen, Valencia, CA, USA). All total RNA samples were analyzed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Biotinylated antisense RNA was synthesized and amplified from total RNA (1 mg) using the MessageAmpII Biotin Enhanced Amplification kit (Applied Biosystems, Foster City, CA, USA) according to manufacturer protocols. After aRNA purification, biotinylated aRNA (5 mg) was fragmented using 10 3 fragmentation reagents (Applied Biosystems) by heating at 70uC for 7.5 min. Hybridization was carried out with DNA chips in 150 mL hybridization buffer (0.12 M Tris HCl/0.12 M NaCl/0.05% Tween-20 and 5 mg fragmented biotinylated aRNA) at 65uC overnight. After hybridization, DNA chips were washed twice in 0.12 M Tris HCl/0.12 M NaCl/ 0.05% Tween-20 at 65uC for 20 min, followed by washing in 0.12 M Tris HCl/0.12 M NaCl for 10 min. Then hybridized aRNA was labeled with 2 mg/mL streptavidin-Cy5 (GE Healthcare, Little Chalfont, UK) in 0.12 M Tris HCl/0.12 M NaCl for 30 min at room temperature. After fluorescent labeling, DNA chips were washed four times in 0.12 M Tris HCl/0.12 M NaCl/0.05% Tween-20 at room temperature for 5-min each. DNA chips were scanned at multiple exposure times (0.1-40 s) using a DNA Chip Reader (Yokogawa Electric, Tokyo, Japan) with multi-beam excitation technology. The intensity values with the best exposure condition for each spot were selected. The median value of background spots was subtracted from the intensity value in each gene, and thereafter the value was normalized to the expression of an endogenous control (acidic ribosomal phosphoprotein, beta-actin and glyceraldehyde-3-phosphate dehydrogenase.
Real-time quantitative polymerase chain reaction (PCR). cDNA was synthesized from total RNA (1 mg) using the PrimeScript RT reagent Kit (Takara Bio, Tokyo, Japan). Gene expression was analyzed by real-time quantitative PCR using the Sybr green procedure and a Thermal Cycler DiceH Real Time System (Takara Bio). Primer sequences are given in Supplementary Table S2 . Expression of mRNA values was normalized relative to glyceraldehyde-3-phosphate dehydrogenase as an internal control.
Statistical analyses. All statistical analyses were performed using one-way ANOVA with Tukey's post hoc test using Kyplot software. Data are the means 6 SEM. P , 0.05 was considered significan.
